To interpret effects of urea and guanidinium (GuH + ) salts on processes that involve large changes in protein water-accessible surface area (ASA), and to predict these effects from structural information, a thermodynamic characterization of the interactions of these solutes with different types of protein surface is required. In the present work we quantify the interactions of urea, GuHCl, GuHSCN, and, for comparison, KCl with native bovine serum albumin (BSA) surface, using vapor pressure osmometry (VPO) to obtain preferential interaction coefficients (⌫ 3 ) as functions of nondenaturing concentrations of these solutes (0-1 molal). From analysis of ⌫ 3 using the local-bulk domain model, we obtain concentration-independent partition coefficients K P nat that characterize the accumulation of these solutes near native protein (BSA) surface: K nat P,urea ‫ס‬ 1.10 ± 0.04, K nat P,SCN − ‫ס‬ 2.4 ± 0.2, K nat P,GuH + ‫ס‬ 1.60 ± 0.08, relative to K nat P,K + ≡ 1 and K nat P,Cl − ‫ס‬ 1.0 ± 0.08. The relative magnitudes of K P nat are consistent with the relative effectiveness of these solutes as perturbants of protein processes. From a comparison of partition coefficients for these solutes and native surface (K P nat ) with those determined by us previously for unfolded protein and alanine-based peptide surface K P unf , we dissect K P into contributions from polar peptide backbone and other types of protein surface. For globular protein-urea interactions, we find K nat P,urea ‫ס‬ K unf P,urea . We propose that this equality arises because polar peptide backbone is the same fraction (0.13) of total ASA for both classes of surface. The analysis presented here quantifies and provides a physical basis for understanding Hofmeister effects of salt ions and the effects of uncharged solutes on protein processes in terms of K P and the change in protein ASA.
from structural input. To this end, we recently derived a general, quantitative relationship between the effects of charged or uncharged solutes on the standard free energy change ⌬G o obs or equilibrium constant K obs of a biopolymer process and the change in biopolymer ASA (⌬ASA) that occurs in that process (Courtenay et al. 2000b ; see equation 5 below). This derived relationship between thermodynamic observables and ⌬ASA complements the empirical relationship between heat capacity changes (⌬C o P,obs and ⌬ASA of protein processes (Spolar et al. 1989 (Spolar et al. , 1992 Makhadatze and Privalov 1990; Livingstone et al. 1991; Murphy et al. 1992 Murphy et al. , 1993 Spolar and Record 1994; Myers et al. 1995) . Spolar and Record (1994) used ⌬C o P,obs for a set of protein-protein and protein-ligand interactions, studied both structurally and thermodynamically, to determine whether these processes were rigid-body interactions or involved significant coupled conformational changes (e.g., folding). Analogous comparisons can be made between estimates of ⌬ASA determined from the effect of urea on the association process and those predicted from the structural data (assuming a rigid body interaction).
The relationship between the effect of a solute on ⌬G o obs or K obs and ⌬ASA requires knowledge of local-bulk partition coefficients K P,3 for the solutes and the biopolymer surface involved in the process. K P,3 is defined as the ratio of molal concentrations of the perturbing solute in the local domain near the biopolymer surface and in the bulk solution. In the local-bulk domain model, the bulk domain has the same small solute concentration as the two-component (−biopolymer) solute concentration in dialysis equilibrium with the three-component (+biopolymer) solution (Courtenay et al. 2000a,b) :
local րm 3 bulk
(1) K P,3 is independent of solute concentration and is greater than unity for accumulated solutes and less than unity for excluded solutes. The purpose of the present work is to determine model-independent thermodynamic preferential interaction coefficients (⌫ 3 , defined below) that quantify the extent of interaction of protein-destabilizing solutes with native protein surface. Values of K P,3 describing the accumulation of these solutes near native BSA surface are then calculated from ⌫ 3 using the local-bulk domain model (see below) (Record and Anderson 1995; Courtenay et al. 2000a,b) . The most extensively studied solute effects on any protein process are the effects of urea and guanidinium chloride (GuHCl) on the unfolding of globular proteins and ␣-helical peptides. The observable in these experiments is the mvalue, defined as the negative of the slope of the relatively linear plot of ⌬G o obs versus C 3 , the molar denaturant concentration: m-value ≡ − ͑d⌬G obs o րdC 3 ͒ = RT (dlnK obs րdC 3 ) (2) Myers et al. (1995) observed that m-values for protein unfolding are proportional to ⌬ASA, the change in protein ASA on unfolding (empirically corrected for effects of disulfides). Scholtz et al. (1995) and Smith and Scholtz (1996) investigated effects of urea and GuHCl on the stability of a series of chain lengths of alanine-based ␣-helical peptides, and found that peptide m-values were proportional to chain length. From calculations of the amount and composition of the ASA per residue in the ␣-helix and completely unfolded states (cf. Fig. 1 ), we found that the proportionality constant relating m-values to the ⌬ASA for unfolding these ␣-helices is approximately four times larger than that characteristic of the globular proteins studied by Myers et al. (1995) . Courtenay et al. (2000b) applied a rigorous thermodynamic analysis to the m-value/⌬ASA ratios, taking all significant sources of nonideality in these multicomponent solutions into account, and thereby showed that ⌬⌫ 3 , the difference in denaturant-protein preferential interaction coefficients characteristic of unfolded and folded protein states, is proportional to ⌬ASA at any specified solute concentration. We found that the dependence of ⌬⌫ 3 /⌬ASA on the concentration of urea or GuHCl was quantitatively described by the local-bulk domain model (cf. equation 5 below) and obtained concentration-independent partition coefficients (K unf P,3 , listed in Table 1 ) characterizing the interactions of urea and GuHCl with the protein and peptide surfaces exposed on unfolding. Figure 1 illustrates the key differences in the composition of water-accessible surface calculated for native BSA and the average globular protein (Miller et al. 1987 ) and for the protein or peptide surface exposed in unfolding. In particular, the surface exposed on unfolding differs significantly from native protein surface because of the virtual absence of any contribution from charged residues, which are water accessible in native and denatured states. Moreover, 48% of the surface exposed on unfolding the alanine-based ␣-helices is polar peptide backbone, whereas this subclass of polar surface constitutes only 13% of the ⌬ASA of unfolding of globular proteins (and of the ASA of native globular proteins). Courtenay et al. (2000b) observed that the four-fold greater percentage contribution of polar peptide surface to the ⌬ASA of unfolding of ␣-helical peptides as compared to globular proteins matched the four-fold higher m-value: ⌬ASA ratio observed for the ␣-helical peptides. This correspondence provides independent evidence that the primary region of interaction of urea or GuH + with the protein is the polar peptide backbone, the conclusion obtained in many previous studies of transfers of model peptides from water to solutions of urea (Gill et al. 1961; Nozaki and Tanford 1963; Robinson and Jencks 1965a; Nandi and Robinson 1984; Sijpkes et al. 1993; Wang and Bolen 1997) and GuHCl (Castellino and Barker 1969; Robinson and Jencks 1965a; Nozaki and Tanford 1970; Nandi and Robinson 1984) .
In the present study we report model-independent preferential interaction coefficients ⌫ 3 calculated from osmometric data on interactions of three protein destabilizing solutes (urea, GuHCl, and guanidinium thiocyanate, i.e., GuHSCN) and the reference solute KCl with native BSA.
BSA is a member of the homologous series of native proteins that differ in total ASA but have similar surface compositions (see Fig. 1 ). In particular, native BSA has the same percentages of nonpolar and polar surface as the average globular protein. Within the class of polar surface, BSA has the same percentage of polar backbone surface (13%), but a larger percentage of charged surface (29% vs. 19%). We interpret values of ⌫ 3 as a function of small solute concentration using the local-domain model to obtain partition coefficients characterizing the accumulation of these solutes near the surface of native BSA relative to their concentrations in the bulk solution. We compare these partition coefficients with those determined by Courtenay et al. (2000b) for the interactions of these solutes with the protein surface exposed on unfolding globular proteins and ␣-helices. The comparisons presented here between interactions with native and with unfolded protein surfaces are relevant for the mechanism of action of these denaturants, and provide further evidence that urea and GuH + unfold proteins primarily by their favorable interaction (local accumulation) with the polar peptide surface that is exposed on unfolding. Our quantitative characterization of interactions of GuH + , Cl − and SCN − with protein surface is a useful starting point for predicting Hofmeister effects of these and other ions on protein processes from structural information (⌬ASA).
Background: preferential interaction coefficients as quantitative measures of solute-protein interactions and solute effects on protein processes
Preferential interaction coefficients quantify the net extent of local accumulation or exclusion of a small solute in the vicinity of biopolymer surface, an effect that arises from differences in biopolymer-solute interactions relative to the interactions of both species with water. Experimentally, they are obtained from analysis of dialysis, osmometric, or other thermodynamic data used to quantify the change in concentration of the small solute as a function of biopolymer concentration while maintaining the chemical potential () of the small solute (and/or of water) constant. For example, ⌫ 3 ≡ (Ѩm 3 /Ѩm 2 ) T,P, 3 . Differences in preferential interaction coefficients between products and reactants are the fundamental thermodynamic determinant of the effects of solute concentration on the thermodynamics (⌬G o obs , K obs ) of that process. For example, for uncharged solutes (Wyman 1964; Record et al. 1998; Timasheff 1998) :
We previously studied a wide range of stabilizing solutes using VPO and found that ⌫ 3 is proportional to m 3 bulk at least in the range m 3 bulk Շ 1 molal.
Comparison of values of ⌫ 3 /m 3 bulk for BSA with previous results (Gekko and Morikawa 1981; Gekko and Timasheff 1981; Arakawa and Timasheff 1983 , 1984b , 1985 Lin and Timasheff 1994, 1996; Xie and Timasheff 1997) for smaller globular proteins (members of the same homologous series) indicates that ⌫ 3 /m 3 bulk is proportional to ASA, as predicted by our development of the local-bulk domain model (Record and Anderson 1995; Courtenay et al. 2000a,b) . Analysis of ⌫ 3 /m 3 bulk using this model yields values of K P,3 for these solutes, describing their interactions with native protein surface relative to water-protein interactions (see below).
Thermodynamic description of solute effects on protein processes using the local-bulk domain model
In the local-bulk domain model, the protein solution is divided into two domains: a local domain at the protein surface and a bulk domain sufficiently far from the protein surface that the distribution of small solute and water are not affected by the presence of the protein. Courtenay et al. (2000a) showed that this model predicts the proportionality of the purely thermodynamic preferential interaction coefficient ⌫ 3 to m 3 bulk (at low m 3 bulk ) and to ASA, in which the proportionality constant is determined by two quantities describing the interactions of solute and water with the protein surface: the local-bulk partition coefficient K P,3 (see equation 1) describing the local accumulation or exclusion of the solute, and the biopolymer hydration per Å 2 (b 1 ) in the presence of the solute. (Courtenay et al. 2000b) :
in which ASA is the water-accessible surface area of the biopolymer in Å 2 and m 1 ‫ס‬ 55.5 moles water/kg. At low m 3 bulk or when the solute is preferentially excluded from the protein surface, b 1 ≅ b 1 o , the hydration in the absence of small solute.
From equations 3 and 4, the effect of changing solute concentration (on the molar scale) on the observed equilibrium concentration quotient K obs of a process is related to the change in accessible surface area (⌬ASA) of the biopolymers (Courtenay et al. 2000b) :
In equation 5, n ‫ס‬ 1 for nonelectrolyte solutes and n ‫ס‬ 2 for 1:1 salts; ⑀ 3 c ≡ (Ѩln␥ 3 c /ѨlnC 3 ) in which ␥ 3 c is the activity coefficient of the perturbing solute on the molar concentration scale (see Appendix, Table A1 ), b 1 o is the protein hydration (per Å 2 ) in the absence of the small solute and ␦ 3 ≡ (K P S 1 ) 3 m 1 −1 − V 3 in which S 1,3 is the average number of water molecules displaced from the local domain per solute accumulated, and V 3 is the partial molar volume of the perturbing solute (see Appendix; Table A1 ). K P,3 and b 1 o are average quantities for the biopolymer surface exposed to or removed from water in the process. For a 1:1 salt, K P,salt ‫ס‬ 0.5(K P,+ + K P,− ) in which K P,+ and K P,− are partition coefficients of the individual ions.
For the process of unfolding proteins or peptides, the observable m-value is related to equation 5 by:
Equation 5 shows that values of (ѨlnK obs /ѨC 3 ), or m-values (cf. equation 6), compared for the same process for different members of a homologous series of biopolymers, are proportional to ⌬ASA, as observed by Myers et al. (1995) In the present study, we report local-bulk partition coefficients calculated from ⌫ 3 (equation 4) for interactions of urea, GuHCl, and GuHSCN with native protein surface. We compare our results for urea and GuHCl with interactions of those solutes with unfolded protein surface. This comparison provides insight into the thermodynamic basis for the action of these solutes as denaturants, tests the approximation of additivity, and initiates a decomposition of partition coefficients into contributions from the polar peptide backbone and other subclasses of protein surface.
Results and Discussion

Evidence for the accumulation of destabilizing solutes at the surface of native protein from osmolality measurements
Representative VPO data, plotted in Figure 2 , show the dependences of solution osmolality on the concentration of three protein-destabilizing solutes: A, urea; B, guanidinium hydrochloride (GuHCl); C, guanidinium thiocyanate (GuHSCN) in the presence (+) and absence (−) of a fixed concentration of BSA (3.16 mM). With and without BSA, osmolality increases with increasing concentration of the small solute but at very different rates. For the GuH + salts, the rate of increase of osmolality with GuH + concentration in the presence of BSA is sufficiently small that, at concentrations of GuHSCN > 0.2 molal or of GuHCl > 0.6 molal, the osmolality of the −BSA solution significantly exceeds that of the +BSA solution at the same concentration of GuH + . The crossovers observed for the GuH + salts clearly indicate the existence of strong favorable solute-solute (e.g. BSA-GuH + ) interactions as compared with water-solute interactions. For all three solutes, the difference between the +BSA and −BSA osmolalities is greatest in the absence of the small solute, and decreases with increasing concentration of the small solute. This behavior contrasts strikingly with that of six protein-stabilizing solutes whose interactions with BSA were investigated by Courtenay et al. (2000a) . For all six stabilizing solutes, the difference between +BSA and −BSA osmolalities increases with increasing concentration of the small solute. Figure 3 shows calculated changes in osmolality in excess of the additive reference value (⌬Osm ex ) on addition of BSA (final concentration 3×10 −3 molal) to solutions of urea, GuHCl, and GuHSCN as a function of the initial osmolality of the two-component solution (−BSA). ⌬Osm ex is defined as the difference between the observed change in osmolality (⌬Osm obs ) for the addition of BSA to a particular solution and the osmolality change (⌬Osm ref ) that would be observed if the contributions of BSA and the small solute to solution osmolality were additive. (⌬Osm ref is the experimentally determined osmolality of 3×10 −3 molal BSA in the absence of small solute; Courtenay et al. 2000a .) Effects of the addition of BSA to solutions of glycine betaine and glycerol, representing the extremes of behavior observed for stabilizing solutes (Courtenay et al. 2000a) , are plotted in Figure 3 for comparison. Addition of BSA to a 1 Osm GuHSCN solution results in ⌬Osm ex ‫ס‬ −0.14 Osm, similar in magnitude but opposite in direction to that obtained on addition of BSA to a 1 Osm solution of the highly excluded solute glycine betaine, for which ⌬Osm ex ‫ס‬ 0.18. Addition of BSA to 1 Osm urea results in ⌬Osm ex ‫ס‬ −0.02 Osm, comparable in magnitude but opposite in direction to that obtained for the weakly excluded solute glycerol, for which ⌬Osm ex ‫ס‬ 0.03 (Courtenay et al. 2000a) . Figure 3 clearly shows that the signs and magnitudes of deviation from an additive relationship between the osmotic contributions of BSA and the small solute are solute-specific. These deviations reflect differences between interactions among solutes and interactions of both solutes (small solute and BSA) with water. The large reduction in osmolality on addition of BSA to a GuHSCN solution implies a strong favorable interaction between BSA and GuH + and/or SCN − , resulting in local accumulation of one or both of these ions at the surface of BSA. The lack of strong favorable interactions of GuHSCN and GuHCl with water, relative to self-interactions of these solutes, is evidenced by the negative sign of the concentration-dependent term of dOsm/dm 3 for the two-component aqueous solutions of these solutes (see Appendix; Table A1 ). Interpreted in terms of local accumulation, Figure 3 indicates that GuHCl is less strongly accumulated near BSA than is GuHSCN and, therefore, that Cl − is less strongly accumulated than SCN − ; urea is the least accumulated of the three protein-destabilizing solutes. However, it is clear from Figure 3 that the local concentration of all three solutes near BSA surface (local) significantly exceeds that in the reference solution in which the small solute is randomly mixed in both local and bulk domains of the solution.
The large increases in osmolality on the addition of BSA to solutions of the stabilizing solutes imply interactions of BSA with these solutes are unfavorable relative to interactions with water. Indeed Courtenay et al. (2000a) concluded that glycine betaine was almost completely excluded from the water of hydration of BSA. The strong favorable interaction of glycine betaine with water is shown by the large positive betaine concentration-dependence of dOsm/dm 3 for the two-component (betaine-water) solution (Courtenay et al. 2000a ).
Determination of preferential interaction coefficients describing interactions of native BSA with urea, GuHCl, and GuHSCN
The solute-specific nonideal behavior of solution osmolality in Figures 2 and 3 contains information on the strengths of interactions of these small solutes with BSA surface relative to the interactions of BSA and the small solutes with water. To separate solute-specific interactions with BSA surface from other sources of nonideality and from the effects of ideal mixing entropy (Anderson et al., in prep.) , and to obtain a thermodynamic quantity capable of describing the effects of these solutes on protein processes, we calculated preferential interaction coefficients (⌫ 3 ) from the VPO data as described previously (Courtenay et al. 2000a ). Values of ⌫ 3 as a function of bulk solute concentration (m 3 bulk ) are plotted in Figure 4 for urea (panel A), GuHCl (panel B), and GuHSCN (panel C). (Data for KCl, which we find to be a suitable reference salt for decomposition of ⌫ 3 into contributions from the individual ions, are given in the Appendix.) For all solutes, values of ⌫ 3 were found to be the same as the preferential interaction coefficient that would be measured in an equilibrium dialysis experiment (⌫ 1 , 3 ) calculated as described by Courtenay et al. (2000a) . At all concentrations of the protein-destabilizing solutes, ⌫ 3 is positive, demonstrating the accumulation of all three solutes in the vicinity of native BSA surface. Figure 4 shows that ⌫ 3 is proportional to m 3 bulk at sufficiently low concentrations as predicted by the local-bulk domain model (Record and Anderson 1995; Courtenay et al. 2000a,b) . As observed in our previous study of interactions of protein-stabilizing solutes with native BSA, the dependence of ⌫ 3 on bulk solute concentration is independent of BSA concentration in the experimentally accessible range (2.6-3.7 mM). Values of (Courtenay et al. 2000a ) to obtain partition coefficients for these solutes near native BSA surface (K nat P,3 ; equation 1) from linear fittings to the low solute concentration region of the data (Յ 1 molal urea, Յ 0.5 molal GuHCl, Յ 0.25 molal GuHSCN; see Fig. 4 ). These partition coefficients, listed in (Courtenay et al. 2000a,b) , therefore, the local concentration of Cl − near native BSA surface is also the same as that in the bulk solution within uncertainty, K nat P,Cl − ‫ס‬ 1.00 ± 0.08. Decomposition of the partition coefficient of GuHCl (K nat P,GuHCl ‫ס‬ 1.30 ± 0.02) yields K nat P,GuH + ‫ס‬ 1.60 ± 0.08, which quantifies the large accumulation of GuH + cations (relative to K + ) near native BSA. Then from the calculated K nat P,GuHSCN ‫ס‬ 2.0 ± 0.2, we obtain K nat P,SCN − ‫ס‬ 2.4 ± 0.2. Thiocyanate is, therefore, more strongly accumulated near native BSA surface than is GuH + , which in turn is more strongly accumulated than urea (K nat P,urea ‫ס‬ 1.10 ± 0.04). The net accumulation near native BSA of GuHSCN (K nat P,GuHSCN ‫ס‬ 2.0) is substantially greater than that of GuHCl (K nat GuHCl ‫ס‬ 1.3), because SCN − is strongly accumulated, whereas Cl − is not. For the average protein surface exposed on unfolding, Courtenay et al. (2000b) calculated K unf P,GuHCl ‫ס‬ 1.16 ± 0.02, and from this we estimate K unf P,GuH + ‫ס‬ 1.32 ± 0.08, assuming that chloride is randomly distributed around the surface exposed on unfolding (K unf P,Cl − ‫ס‬ 1.0). We propose that the smaller net accumulation of GuHCl (and by implication, of GuH + ) near the surface exposed on unfolding compared to native BSA surface arises from the very different contributions of charged groups to the composition of these surfaces (see Fig. 1 ) as discussed below.
From previous VPO studies of stabilizing solute interactions with native BSA, we obtained the partition coefficient K P nat for potassium glutamate (Courtenay et al. 2000a ). From K nat P,KGlu ‫ס‬ 0.65 ± 0.07 and K nat P,K + ‫ס‬ 1.0, it follows that K P,Glu − ‫ס‬ 0.3 ± 0.1, corresponding to strong local exclusion of glutamate from the BSA surface and consistent with the placement of glutamate (Leirmo et al. 1987; Partition coefficients of individual ions obtained from the present analysis are compared in Figure 5 , which initiates the quantitative comparison of the extents of accumulation or exclusion of different uncharged and ionic solute species from both folded and unfolded protein surface. From the partition coefficients of individual ions, a quantitative framework for the analysis or prediction of Hofmeister salt effects is emerging.
Quantitative studies have been performed in other laboratories on proteins (Arakawa and Timasheff 1982, 1984a,b) and on model compounds that chemically mimic aspects of protein surface (Robinson and Jencks 1965b; von Hippel et al. 1973) to elucidate the dominant interactions that define the overall energetics of protein stabilization or destabilization by Hofmeister salts (Baldwin 1996) . Although none of these studies directly yield local-bulk partition coefficients K P to compare with our results for SCN − , both the von Hippel et al. (1973) and Robinson and Jencks (1965b) data allow us to estimate values for K P,SCN − for amide surface (based on the relative interactions of Cl − and SCN − salts) that are at least as large as that measured for BSA. A more quantitative approach to the analysis of solubility data using preferential interaction coefficients is in progress in this laboratory to compare these amide backbone results with our results for native and unfolded protein surface. Table 1 presents the partition coefficients determined in this work for native BSA interactions with urea, GuHCl, and GuHSCN and compares the urea and GuHCl K P,3 nat with partition coefficients K P,3 unf determined previously for interactions of these solutes with the surfaces exposed on unfolding globular proteins and ␣-helical peptides (Courtenay et al. 2000b ). K P,3 for interactions of GuHCl and urea with the different kinds of folded and unfolded protein and peptide surface can be decomposed into contributions from interactions of these solutes with polar peptide backbone, charged surface, and other types of protein surface. From this decomposition, a quantitative framework for the structural prediction of effects of these solutes on protein processes, as well as the molecular interpretation of experimentally determined effects of these solutes, is emerging.
Proposed division of solute partition coefficients into contributions from interactions with polar peptide backbone, charged groups, and other polar and nonpolar protein surfaces
GuHCl exhibits significantly different partition coefficients for interactions with different types of protein and peptide surface. Table 1 shows that K P,GuHCl is largest for the surface exposed on unfolding alanine-based ␣-helical peptides, next largest for native BSA surface and smallest for the surface exposed on unfolding the average globular protein. The compositions of these three surfaces differ most strongly in the contributions of polar peptide backbone and of charged groups (see Fig. 1 ). Polar peptide backbone represents 48% of the surface exposed on unfolding the ␣-helical peptides (Courtenay et al. 2000b) , but is only 13% of Fig. 5 . Quantitative solute series tabulating local-bulk partition coefficients K P for the interactions of cations, anions, and uncharged or zwitterionic solutes with native protein surface and with the surface exposed on unfolding proteins or alanine-based peptides. Ion partition coefficients are calculated based on the assignment K P,K + ≡ 1 and the assumption that K P,Cl − ‫ס‬ 1 has the same value for the surface exposed on unfolding as for native BSA surface (K nat P,KCl ‫ס‬ 1.00 ± 0.08).
the surface of native BSA and of the surface exposed on unfolding typical globular proteins. Charged groups represent 29% of the surface of native BSA, but less than 4% of the surface exposed on unfolding proteins or ␣-helical peptides. Courtenay et al. (2000b) proposed that the four-fold difference in the contribution of polar peptide backbone to the composition of the surface exposed in unfolding peptides versus proteins was the primary origin of the differences in K P unf values for GuHCl and for urea observed for these two types of surface. Here we quantify this effect and estimate the contributions of interactions with charged surface and other nonpolar/polar surfaces.
We assume that the observed K P,3 of a solute component is a sum of contributions from different types of biopolymer surface. With only three different surface compositions to analyze, we assume for the ionic solute GuHCl that
in which f ppb and f ch are fractions of polar peptide backbone and of charged surface, K P ppb and K P ch are the corresponding solute partition coefficients, and K P other is the average partition coefficient for all other types of protein surface. From the data of Table 1 and Figure 1 , we solve three equations in three unknowns to obtain K ppb P,GuHCl ‫ס‬ 2.3 ± 0.2, K ch P,GuHCl ‫5.1ס‬ ± 0.4, and K other P,GuHCl ‫ס‬ 1.0 ± 0.1 (Table 2) . GuHCl (and by inference, GuH + ) is very strongly accumulated near polar peptide backbone surface, moderately accumulated near charged surface (at least in the absence of added salt), and randomly distributed, on average, near other polar and nonpolar surface.
For urea, the similarity in K P values for native BSA surface and the surface exposed on unfolding a globular protein indicates that, for this uncharged solute, the effects of differences in f ch are small. Because the contribution of polar peptide backbone surface is the same for these two classes of surface, the urea data yield only two independent equations, and we therefore analyze these data as K P,urea ‫ס‬ f ppb K ppb P,urea + (1 − f ppb ) K P,urea other which yields K ppb P,urea ‫ס‬ 2.0 ± 0.1 and K P,urea other ‫ס‬ 1.0 ± 0.1. Therefore, urea (like GuH + ) is strongly accumulated near polar peptide backbone but randomly distributed, on average, in the vicinity of all other protein surface.
To extend this analysis, it is necessary to investigate interactions of a wider range of accumulated and excluded solutes and Hofmeister salts with these three types of protein surfaces or suitably designed model systems. Interactions of excluded solutes with unfolded surface may prove to be more difficult to quantify, because at least some of these solutes are expected to reduce the ⌬ASA of unfolding in a concentration-dependent manner (Qu et al. 1998 ).
Conclusions and Summary
The present study, combined with our previous work describing BSA-stabilizing solute interactions, shows the usefulness of VPO as a general experimental technique for obtaining preferential interaction coefficients and from them, local-bulk partition coefficients characterizing the entire spectrum of weak interactions between small solutes and protein surface in aqueous solution. The sign and magnitude of the differences in preferential interaction coefficients between products and reactants determine the direction and size of the effect of adding a solute on a biopolymer process. Knowledge of local-bulk partition coefficients for different solutes and different types of protein surface will allow solute effects on biopolymer processes to be interpreted and eventually predicted from structural information. Native BSA 1.10 ± 0.04 1.30 ± 0.02 2.0 ± 0.2 K P,− ‫ס‬ 1.00 ± 0.08 K P,− ‫ס‬ 2.4 ± 0.2 K P,+ ‫ס‬ 1.60 ± 0.08 K P,+ ‫ס‬ 1.60 ± 0.08 Polar peptide backbone 2.0 ± 0.1 2.3 ± 0.2 Charged groups 1.0 a ± 0.1 1.5 ± 0.4 Other polar, nonpolar 1.0 a ± 0.1 1.0 ± 0.1
We propose that the Hofmeister rankings of cations and anions, as well as the observed effects of neutral solutes on protein processes, have a common origin in the extent of accumulation or exclusion of the solute from the protein surface as quantified by its local bulk partition coefficient K P . Our previously published results for protein stabilizing solutes (Courtenay et al. 2000a ) are presented in Figure 5 for comparison with the effects of individual ions (discussed above) and with the uncharged destabilizing solute, urea. We have shown here that the overall partitioning of urea near protein surface can be described by very significant accumulation near backbone amide groups and an average random distribution near other types of protein ASA.
Until now, the only thermodynamic quantity used to assess whether a protein-protein or protein-ligand interaction is rigid body or involves coupled conformational changes in ASA (e.g., folding) has been the heat capacity change (⌬C P o ), determined from the temperature dependence of ⌬H o obs (first derivative) or of ⌬G o obs or lnK obs (second derivative) for the process of interest (cf. Spolar and Record 1994 , and references therein). Large negative temperature-and salt concentration-independent values of ⌬C P o for processes are a thermodynamic signature of burial of nonpolar surface area in the interface and in coupled conformational changes; quantitative interpretation of ⌬C P o can be used to distinguish rigid body processes from those involving coupled folding or other large-scale coupled conformational changes. Complementary information on changes in ASA can be obtained using equation 5 from the derivative of lnK obs with respect to urea concentration. Protein folding studies have been used to calibrate ⌬C P o -⌬ASA (Livingstone et al. 1991 ) and urea m-value-⌬ASA relationships (Myers et al. 1995) . These two techniques may be of great use in combination because their effects are dominated by changes in different types of surface area: ⌬C P o is most sensitive to changes in nonpolar ASA, whereas the urea effect on a process is most sensitive to changes in polar peptide backbone ASA.
In our opinion, urea is the best choice of solute to probe large-scale changes in ASA in protein processes for the following reasons: (1) It has the same partition coefficient for both the average native protein surface and the average surface exposed on unfolding a protein (K P,urea ‫ס‬ 1.11 ± 0.04). (The 4% uncertainty in K P,urea results in a ∼35% uncertainty in ⌬ASA calculated using equation 5 from the effect of urea on a protein process. This is comparable to the typical uncertainty in ⌬ASA estimated from ⌬C P o ; both methods are useful primarily at a semiquantitative level to determine whether a process is rigid body or involves largescale conformational changes.) (2) Low concentrations of urea (< 2 molal) are not expected to perturb the structure of either the initial or final states of protein processes as much as a highly excluded solute. (Excluded solutes have been observed to compact nonnative (unfolded) protein structures; Qu et al. 1998) . (3) As a nonelectrolyte, urea does not show any significant net interaction with charged surfaces (see above). In our opinion, GuHCl is less suitable than urea because GuH + is accumulated near (negatively) charged protein surface, and because changes in GuHCl concentration change the salt concentration and, therefore, may exert a variety of electrolyte effects on processes involving changes in net charge or charge density.
Materials and methods
Urea (MW 60.06 g/mol) and guanidinium chloride (GuHCl; MW 95.13 g/mol) were obtained from Gibco BRL (Life Technologies, UltraPure > 99%). Guanidinium thiocyanate (GuHSCN; MW 118.2 g/mol) was obtained from Sigma (Mol Bio grade > 99%). These compounds were used without further purification. Bovine serum albumin (BSA; MW 66,411) was obtained from Sigma and purified as described previously (Courtenay et al. 2000a) . The partial molar volume (V 3 ) of GuHSCN was obtained by densimetry. Partial molar volumes of urea and GuHCl were determined previously by the same method (Courtenay et al. 2000b ). These partial molar volumes are given in Table A1 of the Appendix. Determination of solution osmolality as a function of accumulated solute molality was performed as described in Courtenay et al. (2000a) using a Wescor VAPRO 5520 vapor pressure osmometer. At least 24 solutions (each measured in triplicate) were used to determine the dependence of the two-component (small solutewater) solution osmolality on solute concentration. The dependence of three-component solution osmolality on accumulated solute concentration was determined using at least 12 solutions for a particular BSA concentration. At least two BSA concentrations were investigated for each solute. All solutions were prepared using the gravimetric technique described by Courtenay et al. (2000a) .
The dependence of solution osmolality on solute molality for two-and three-component solutions were analyzed to determine ⌫ 1 , ⌫ 3 , and ⌫ 1 , 3 as described by Courtenay et al. (2000a) . Uncertainties in ⌫ 3 and the calculated partition coefficients for native BSA-destabilizing solute interactions were propagated from the standard deviation of the individual triplicate osmometry readings for each three-component solution and the fitting uncertainty given from weighted nonlinear fitting (using SPSS SigmaPlot) of the two-component osmolality versus solute molality data. ⌫ 3 was calculated using either of the two independent approximations described previously (Courtenay et al. 2000a ). When ⌫ 1 was used (in combination with BSA-only and three-component VPO data) to determine ⌫ 3 (Approximation I), individual point determinations of ⌫ 1 with their corresponding propagated uncertainties were used instead of a weighted fitting of ⌫ 1 versus small solute molality.
The excess change in solution osmolality on addition of BSA to a small solute solution presented in Figure 3 is calculated from ⌬Osm ex ‫ס‬ ⌬Osm obs − ⌬Osm ref in which ⌬Osm ref is determined from the osmolality of a 3×10 −3 molal BSA solution in the absence of small solute (see Courtenay et al. 2000a) . ⌬Osm obs is the observed change in osmolality on the addition of 3×10 −3 molal BSA, calculated as described previously (Courtenay et al. 2000a ) from the dependence of osmolality on small solute molality in the absence of BSA (see Appendix, Table A1 ) and the dependence in the presence of 3×10 −3 molal BSA calculated from ⌫ 3 (see Fig. 4 ). The dependence of ⌫ 3 on destabilizing solute concentration is determined by the two-domain model (see equation 4).
Protein and ␣-helical water-accessible surface area calculations were calculated as described previously (Livingstone et al. 1991; Courtenay et al. 2000a,b) or by using another program developed in this lab that gives equivalent results (Tsodikov et al., in prep.) . PDB file IBO0 of human serum albumin (Sugio et al. 1999 ) was used to estimate the ASA of BSA as described previously (Courtenay et al. 2000a ). ␣-helical and extended chain conformations of the sequence AKAAEAAKAAEA in the context of the peptide Ac-YAEAAKAAEAAKAAEAAKAF-NH 2 Smith and Scholtz 1996) were constructed using Insight II (Biosym/MSI). Charged surfaces for all calculations presented in Figure 1 were calculated by summing the ASA of nitrogen and oxygen atoms in the following residues: aspartate and glutamate carboxylate groups, arginine guanidine groups, lysine amino groups, all histidine imidazole ring nitrogens, and the N-and C-termini. Polar peptide backbone ASA was calculated by summing the exposure of amide nitrogen and oxygen atoms.
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Appendix
KCl-BSA interactions
Panel A of Figure A1 presents representative VPO data for solution osmolality as a function of KCl molality with and without 3.88 mM BSA. The constant difference in osmolality between these two series (+BSA and −BSA) qualitatively shows the absence of preferential interactions in this system. Interpreted as in Figure 3 , the effect of the addition of BSA on solution osmolality is the same at any KCl concentration as it is in the absence of KCl.
Panel B of Figure A1 plots the preferential interaction coefficient ⌫ 3 calculated as described previously from the osmometric data (Courtenay et al. 2000a) . We find that ⌫ 3 ‫ס‬ 0 within ex- .51, and 3.88 mM BSA), calculated as described previously (Courtenay et al. 2000a) . For this system, the two approximations (see Courtenay et al. 2000a) give equivalent determinations of ⌫ 3 for the entire concentration range presented. No BSA concentration dependence of ⌫ 3 as a function of bulk KCl concentration is observed. (Courtenay et al. 2000a) . The triangle represents the preferential interaction coefficient for GuHCl-BSA interactions determined by equilibrium dialysis at m 3 bulk ‫ס‬ 1 molal (Arakawa and Timasheff 1984a) .
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www.proteinscience.org 2495 perimental uncertainty for all concentrations of BSA and KCl examined. Interpreted using the local-bulk domain model, K P,KCl ‫ס‬ 1.00 ± 0.08; local and bulk concentrations of KCl in a solution of native BSA are equal within experimental uncertainty.
Comparison of independent methods of calculating ⌫ µ3 at high concentrations of guanidinium salts
To calculate ⌫ 3 from VPO data, two independent approximations are used to estimate the derivatives of chemical potentials of the small and large solutes with respect to their own concentration in the three-component solution (Courtenay et al. 2000a; Anderson et al., in prep.) . In Approximation I, the BSA chemical potential ( 2 ) dependence on BSA molality ( 22 ) is assumed to be the same with or without another solute present. In Approximation II, the small solute chemical potential ( 3 ) dependence on small solute molality ( 33 ) is assumed to be the same with or without BSA present. For the six protein-stabilizing solutes (osmolytes) examined previously, both approximations yielded the same result for ⌫ 3 as a function of small solute concentration (Courtenay et al. 2000a) . At solute concentrations > 0.5 molal, the two approximations do not give equivalent determinations of ⌫ 3 for the GuH + salts investigated. Figure A2 shows values of ⌫ 3 calculated using either Approximation I ( 22 ≅ 22 o(3) ) (circles) or Approximation II ( 33 ≅ 33 o (2) ) (squares) for GuHCl (panel A) and GuHSCN (panel B) . This behavior indicates that for these ionic solutes with one or two strongly accumulated ions, either 22 or 33 (or both) is not adequately approximated by its value in the corresponding twocomponent solution (i.e., 22 o(3) or 33 o (2) ).
Two lines of evidence indicate that Approximation I is more accurate for the GuH + salts. First, Approximation I predicts a dependence of ⌫ 3 on m 3 bulk , which agrees with the near-linear functional form of the local-bulk domain model (plotted in Fig.  A2 ). Second, it also predicts a value of ⌫ 3 at 1 molal GuHCl, which agrees very well with an independent determination of ⌫ 1 , 3 for GuHCl-BSA interactions obtained by Arakawa and Timasheff (1984b) using equilibrium dialysis and densimetry. The failure of Approximation II for highly accumulated solutes like GuHSCN in part may result from the difference between the bulk and total concentration of the solute. To test this, we performed an iterative calculation using bulk small solute concentrations (m 3 bulk ) estimated from values of ⌫ 3 instead of using the total concentration of the small solute to calculate (ѨOsm/Ѩm 3 ) T,P from the twocomponent (water-small solute) solution data. Use of m 3 bulk to calculate 33 leads to a better agreement between the two approximations but does not account for the majority of the effect or for the local maximum predicted by Approximation II for GuHSCN in Figure A2 . Use of a 20% larger exchange coefficient S 1,3 (cf. equation 5) is also not sufficient to account for this curvature.
